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@ Method for concentrating solutions by means of reverse osmosis.

@ The invention relates to a method and apparatus for
concentrating solutions by means of reverse osmosis on the
basis of a combination of membrane modules (A} having
membranes with high retention, and membrane modules (B)
having membranes with limited retention, the minimum
number of membrane modules being three. Any membrane
module may be replaced by a continuous membrane
column. At least one of the membrane modules {A) and (B}
should be in the form of a cascade, comprising preferably
from two up to and including eight membrane modules.
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Method for concentrating solutions by means of reverse

osmosis.

The invention relates to a method for concentrating sol-

utions by means of reverse osmosis.

While concentrating solutions by means of reverse osmosis
a limit value for concentrating is reached at increasing
concentration of the dissolved material, because the osmo-

tic pressure of the solution increases to such a level,

" that it approaches the applied pressure.Prior to reaching
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this point, the transportation gets so low, that it is

no longer acceptable for practical purposes.The selective
transportation of solvent through the membrane is the cause
that the concentration of the dissolved material at the
membrane surface is higher than in the remaining body of
the solution.This concentration-polarisation can be reduced
by intensive stirring at the pressure side of the membrane
surface, for example with a circulation pump.However the
osmotic pressure of a solution remains the limiting factor
when concentrating by means of a membrane for reverse osmo-
sis.It will be understood that the applied pressure can not
be increased unlimited, with a view to the limitations
imposed by the strength of the material of the membrane

and the surpporting layers therefore.Though according to
theoretical considerations it is desirable to make the
difference in concentration over the membrane small, for
example by allowing a certain concentration of the material
to be concentrated in solution at the permeate side, in
practice this appears to provide unsurmountable problems,
in particular as it is not possible to stir at the permeate
side because of the supoorting layers present there.This

keeps the production limited as well.

The disadvantage of the counteracting osmotic pressure can

" be mitigated somewhat by using a membrane with a limited

retaining capacity R(retention), such as described in
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British Patent Specification No. 1,324,031.The latter me-
thod shows a substantial effect with respect to the osmotic
pressure only when higher permeate concentrations are al-
lowed.

The feed concentration should not be lower than the
permeate concentration, from a viewpoint of process effi-
ciency, as otherwise a concentration previously obtained

will in part be nullified.

The method according to British Patent Specification No.
1,324,031 thus comprises that the permeate flow of the
membrane with limited retention should have a concentration
amounting to (1 - R) x the concentration of the concentrate.
Concentrating by a factor of for example 10 implies that
the retention of the membrane should amount to 0.9;this
will provide only a small advantage with respect to the

osmotic pressure.

The invention provides a method and apparatus by which the

above disadvantages can be mitigated or even avoided.

More in particular the invention relates to a method for
concentrating solutions by means of reverse osmosis, wherein
at least one membrane module (A) with a high retention for
the compound to be.concentrated, is coupled with at least
one membrane module (B) with a limited retention for the
compound to be concentrated, the permeate from the (last)
membrane module (B) being returned towards the (first) mem-
brane module (A), the solvent at the permeate side of the
(first) membrane module (A) being removed and the concen-
trate-of the compound to be concentrated being removed

at the pressure side of the (first) membrane module (B),
while the pressure sides of the (last) membrane module (A)
and the (last) membrane module (B) are interconnected, and
fresh solution to be treated is supplied at a pdint in the
connection between the permeate side of the (last) membrane

module (B) and the pressure side of the (first) membrane
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module (A), the total number of membrane modules being at

least three.

IH a membrane module (B) a membrane with a moderate reten-

tion for the compound to be concentrated is used, for exam-

ple a membrane with a separation factor in the range of

1 < A< 4, wherein
A = P L

wherein xp is the molar fraction of the dissolved compound
in the permeate and X, is the molar fraction of the dissol-
ved compound at the high pressure side of the membrane.In
this description such membranes will further be referred to
as ®& -membranes.It has now been found to be possible to ob-
tain a continuous process by a suitable combination of at
least one membrane with a high separation factor (herein
further referred to as RO-membrane) with at least one

& -membrane, wherein at least two membranes of at least one
of the two types should be present, the properties of the
two types of membranes being used to obtain on the one han «
substantially pure solvent and on the other hand a concen-
trated solution as product stream, as will be elucidated in

more detail hereinbelow.

For obtaining an optimal result it is of importance that
the fresh solution to be treated is supplied at a point
upstream of a pump positioned in a connection between the
permeate side of the (last) membrane module (B) and the
pressure side of the (first) membrane module (A).By a sui-
table selection of the number of modules (A) and (B) ‘in
relation to the & -membrane, on coupling of the modules
(a) and (B) a concentration can be obtained which is sub-
stantially equal to that of the feed-solution to be treated.
Depending on the type of the dissolved compound, the sol-
vent used and the retention of the ®-membrane, it may be
be advantageous to use instead of one membrane module (B)

a cascade of such modules, the arrangement of such a cas-
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cade can be one of the many options known for cascades,
the éélection of the arrangement being governed by the
factors mentioned above as well as the yield envisaged.
Cascaées of two to eight membrane modules (B) are usually
sufficient for the target envisaged, and a neceesity when
only one membrane module (A) is used.In most cases two to
four membrane modules (B) will lead to the target envisa-
ged.If desired one or more membrane modules (B) can be
replaced by a continuous membrane column, such as the one
described for gas separations in A.I.Ch.E.Journal, 26,
568 - 566.A continuous membrane column in this context is

considered to be equivalent to a plurality of membrane

modules.

with respect to the membrane modules (A) the same consi-
derations apply as discussed hereinabove with respect to
membrane modules (B), implying that there can be a casca-
de of two to eight of such membrane modules (A), one or
more of which may have been replaced by a continuous mem-
brane column as mentioned above.Again such a cascade is a
necessity when only one membrane module (B) is used.The
use of a cascade or a continuous membrane column provides
the additional advantage that a favourable concentration
gradient is present along the membrane, making the drop

in concentration over the membrane smaller on average.

When using such a cascade or such a continuous membrane
column, the separation factor in the direction of the
prodhct flow decreases, preferably from about 4 tot 1.1,
while in praxis a somewhat higher/lower limit than 1.1 is
usually maintained, as at this latter value the separa-

ting potential is particularly small.

The membranes used in the osmosis have usually been made
from the materials customary for that purpose, such as
for example cellulose acetate, polysulphones or polyami-

des.Membranes with a limited retention are obtained by
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moderate curing.

In the manner described above it is possible to avoid the
limitations of RO-membranes, caused by the osmotic pressu-
re, either completely or at least partially.It has also
appeared that the production of concentrate per m2/hour ]
may be up to 80% higher under favourable conditions than
can be obtained with an RO-cell in the range where the

osmotic pressure not yet prevents further concentration
with an RO-cell. ‘

Determinative for the retention properties of a membrane
is the after-treatment.That may comprise for example a
temperature-treatment, a pressure-treatment, solvent
shrinkage.Of importance is in that context that the reten-
tion properties are homogeneously divided over the surface
of the membrane and are not caused or affected by local
leakages.It is also possible to manufacture asymmetric
membranes, wherein the retention properties of the membra-
ne may be modified in the desired way by changes in the
composition of the moulding syrup.By using membranes each
having a different separation factor in a cascade, a sup-
plemental possibility is created for highly concentrating

solutions.

The invention also relates to an apparatus for concentra-
ting a solution by means of reverse osmosis, comprising
at least one membrane module (A) with a high retention
for the compound to be concentrated, coupled with at least
one membrane module (B) with limited retention for the
compound to be concentrated, the total number of membrane
modules being at least three, wherein the permeate side

of the (last) membrane module (B) by means of a conduit

is connected to the pressure side of the (first) membrane
module (A), and the pressure side of the (last) membrane
module (A) by means of a conduit is connected to the pres-

sure side of the (last) membrane module (B), the (first)
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membrane module (A) at the permeate side being provided
with a conduit for withdrawing solvent, the (first) mem-
brane module (B) being provided with a conduit for with-
drawing formed concentrate at the pressure side, a pump
being present in the conduit between the (last) mémbrane
module (B) and the (first) membrane module (A) and at a-
point between this (last) membrane module (B) and the
pump a supply conduit for fresh solution to be treated
emerges into the connecting conduit.

in a preferred embodiment the apparatus of the invention
may comprise a cascade of membrane modules (B), more in
particular two to eight, while the apparatus if desired
may contain a cascade of membrane modules (A), more in
particular two to eight.It is also favoﬁrable to replace
at least one membrane module (A) and/or at least one mem-
brane module (B) by a continuous membrane column.If the
apparatus comprises a cascade of membrane modules or a
continuous membrane column, these are preferably selected
in such a way that the separation factor of the membranes
used, or along the continuous membrane column in the

direction of the product flow, decreases from 4 tot 1.1.

The method and apparatus according to the invention will
be elucidated hereinafter with reference to the accompa-
nying drawing, which is a schematic flow diagram of a
presently preferred apparatus for concentrating solutions
by means of reverse osmosis, comprising a cascade of mem-

brane modules (B}, coupled with a cascade of membrane mo-

dules (A).

The drawing shows a cascade coupling, wherein a first
membrane module (B) (21), provided with a membrane (22)
with a limited retention, is provided ath the pressure
side with an outlet conduit (23) for concentrate, while
at the permeate side an outlet conduit (24) runs towards

the permeate side‘of a second membrane module (B) (25),
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provided with a membrane (26) with limited retention, pro-
vided at the pressure gide with a connecting conduit (27)

to the pressure side of the first membrane module (B) (21)
and at the permeate side provided with a connecting conduit
(28) to a third (and in this case last) membrane module (B)
(29) , provided with a membrane (30) with limited retention,
provided at the pressure side with a connecting conduit (31)
to the pressure side of the second membrane module (B) (25)
and at the permeate side provided with a connecting conduit
(32) , which via a pump (33) and conduit (34) leads towards
the pressure side of a first membrane module (A) (35), pro-
vided with a membrane (36) with high retention, provided at
the permeate side with an outlet conduit (37) for solvent,
and at the pressure side provided with a connecting conduit
(38) to the pressure side of a second membrane module (A)
(39), provided with a membrane (40) with high retention, at
the permeate side provided with a connecting conduit (41)

to thé permeate side of membrane module (A) (35) and at the
pressure side provided with another connecting conduit (42)
to the pressure side of a third (and in this case last) mem-
brane module (A) (43), provided with a membrane (44) with
high reteﬁtion, provided at the pressure side with a connec-
ting conduit (45) to the pfessure side of the last membrane
module (B)’(29), and at the permeate side provided with a
connecting conduit (46) to the permeate side of the second
membrane module (A) (39).Into outlet cbnduit (32) also emer--

ges a supply conduit (47) for fresh solution to be treated.

In a modification of the apparatus as shown in the drawing
comprising a cascade of two membrane modules (B) in combi-
nation with one membrane module (A) a 2% saccharose soluti-
on in water was concentrated to 18% at various reflux rati-
os under otherwise identical con dtions, i.e. membrane modu-
1es>(B) each had a separation factor 6f ol= 2 and membrane
module (A) had a separation factor of A.>100;the permeabi-
lity of the RO-membrane was 0.003 g/min.cmz.bar; the perme-

ability of the -membrane was 0.15 g/min.cmz.bar; the re-
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flux tatio is the reflux flow from membrane module (B) to

membrane module (A), divided by the product flow.The results

obtaincq are presented in Table A (at 25 bar) and in Table B

(at 15 bar) .Whereas one RO-membrane, i.e. only one membrane

module (A) does not provide any 18% saccharose solution, a

combination of one membrane module (B) and one membrane mo-

dule (A) provides a production of 0.16-0.17 kg/min/m2 at 15

2

bar and a maximum of 0.43 kg/min/m at 25 bar, but a combi-

nation of a cascade of two membrane modules (B) with one

membrane module (A) provides an increase in production to

0.17-0.21 kg/min/m2 at 15 bar and to 0.47 kg/min/m2 at 25

bar.

Table A

Reflux ratio

Production

36
16
10
7.5
6
0

kg concentrate/min/m2
© o 0.17

0.20 -

0.21

0.21

0.20

0.00

Though the invention is described for aqueous solutions,

other solvents may be used, provided that suitable mem-

branes are selected, in particular organic solvents such as

for example benzene, xylene, toluene and pyridine.It will

be obvious that the membrane material should be stable with

respect to the solvent used.

In the manner described above it is thus possible to compen-

sate for the limitations of RO-membranes by combining mem-

brane modules (A) with high retention membranes (RO-membra-

nes) with membrane modules (B) with limited retention mem-
branes (-membranes) said combination providing both high-

er concentrations and higher productivity than hitherto ob-

tainable.

The invention is further elucidated in the following example



0070059

Example

The cxample relates to concentrating a 2% aqueous glucose
solution to a 20% agqueous glucose solution.
For this purpose were used a cascade of membrane modules

5 (A) with a retention of 99% for glucose, linked in counter-
current, and a cascade of membrane modules (B) with a reten-
tion of 0.5% for glucose, also linked in counter-current.
Additional runs were made with a cascade of membrane modu-
les (A) with one membrane module (B) and another series of

10 runs was made with a combination of one membrane module (A)
and a cascade of membrane modules (B).For comparison runs
were made with only one membrane module (A) and another se-
ries of runs was made with a combination of one membrane
module (A) and one membrane module (B).The results of these

15 runs are presented in Table C hereinbelow.

Table C
Number of modules Production
() (B) kg concentrate/min/m2
1 0 2.2
20 1 1 2.7
1 2 3.1
2 1 3.3
2 2 3.8
3 3 4.6

25 From the above date it appears tha substantial advantages
are obtained by using a combination of membrane modules
(A) and (B) with a total number of membrane modules of at

least three.
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Claims

1. A method for concentrating solutions by means of reverse
‘osmosis, wherein at least one membrane module (A) with high
retention for the compound to be concentrated is coupled
with at least one membrane module (B) with a limited reten-
tion for thercompound to be concentrated, the permeate from
the (last) membrane module (B) being returned to the (first)
membrane module (A), the solvent at the permeate side of
the (first) membrane module (A) being removed and the con-
centrate of the compound to be concentrated being removed
at the pressure side of the (first) membrane module (B),
while the pressure sides of the (last) membrane module (A)
and the -(last) membrane module (B) are interconnected, and
fresh solution to be treated is supplied at a point in the
connection between the permeate side of the (last) membrane
module (B) and the pressure side of the (first) membrane
module (A), the total number of membrane modules being at

least three.

2. Method according to claim 1, characterised in that fresh
solution to be treated is supplied at a point upstream from
a pump, positioned in the connection beﬁween the permeate
side of the (last) membrane module (B) and .the pressure

side of the (first) membrane module (a).

3. A method according to claim 1 or 2, characterised in -h

that a cascade of membrane modules (B) is used.

-

4. A method according to any one of claims 1, 2 and 3,
characterised in that a cascade of membrane modules (A) ié N

used.

5. A method according to any one of claims 3 and 4, charac-
terised in that any cascade comprises from two up to and

including eight membrane modules (A) or (B).
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6. A method according to any one of the'preceding claims,
characterised in that at least one of the membrane modules
(A) and (B) is a continuous membrane column.

7. A method according to any one of claims 3, 4, 5 and 6,
characterised in that at least a cascade of membrane

modules (B) or a continuous membrane column as membrane
module (B} is used, having a separation factor of the mem-
branes used in the direction of the product flow diminishing
from 4 tot 1.1.

8. An apparatus for concentrating solutions by means of
reverse osmosis, comprising at least one membrane module
(A) with a high retention for the compound to be concentra-
ted, coupled with at least one membrane module (B) with li-
mited retention for the compound to be concentrated, the
permeate side of the (last) membrane module (B) being con-
nected to the pressure side of the (first) membrane module
(A) by a conduit, and the pressure side of the (first) mem-
brane module (A) being connected to the pressure side of
the (last) membrane module (B) by a conduit, the (first)
membrane module (A) at the permeate side being provided
with an outlet conduit for solvent, the (first) membrane
module (B) at the pressure side being provided with an out-
let conduit for formed concentrate, a pump being present

in the connecting conduit between the (last) membrane mo-
dule (B) and the (first) membrane module (A) and at a point
between this (last) membrane module (B) and the pump a
supply conduit emerging into said connecting con uit, the

total number of membrane modules being at least three.

9. An apparatus according to claim 8, characterised in that

it comprises a cascade of membrane modules (B)

10. An apparatus according to claim 8 or 9, characterised

in that it comprises a cascade of membrane modules ().
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11. An apparatus according to claim 9 or 10, characterised
in that any cascade comprises from two up to and including

éight membrane modules (A) or (B) .

12. An apparatus accofding to any one of claims 8-11, char-
acterised in that at least one of the membrane modules (a)

and (B) is a continuous membrane column.

13. An apparatus according to any one of claims 8-12, char-
acterised in that at least one cascade of membrane modules
(B) or one continuous membrane column as membrane module
(B) has a separation factor of the membranes used in the

directicn of the product flow diminishing from 4 to 1.1.

k)

0070059
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